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C
olorectal cancer is the second most
common cause of cancer-related
mortality.1 Early detection of colo-

rectal cancer with high accuracy is of para-
mount importance,2 where colonoscopy is a
standard diagnostic tool for colorectal cancer
screening and has contributed significantly
to reduce mortality.3 However, colonoscopy
sometimes faces difficulties in the rapid and
accurate diagnosis, particularly in the cases
of chronic inflammation-associated colon

tumors. Whereas polypoid lesions are rela-
tively easy to detect by colonoscopy, flat or
depressed lesions showhighermiss rate. The
miss rate for flat adenomas is 42% and over
50% for depressed polyps, while it is 32% for
polyps.4 Colonoscopy is heavily dependent
on the observation by naked eyes and the
diagnosis is mostly based on the morpho-
logy's details such as pit pattern. To better
assist the endoscopic diagnosis, many endo-
scopic techniques have been developed
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ABSTRACT The detection of colon cancer using endoscopy is widely

used, but the interpretation of the diagnosis is based on the clinician's

naked eye. This is subjective and can lead to false detection. Here we

developed a rapid and accurate molecular fluorescence imaging

technique using antibody-coated quantum dots (Ab�QDs) sprayed

and washed simultaneously on colon tumor tissues inside live animals,

subsequently excited and imaged by endoscopy. QDs were conjugated

to matrix metalloproteinases (MMP) 9, MMP 14, or carcinoembryonic

antigen (CEA) Abs with zwitterionic surface coating to reduce non-

specific bindings. The Ab�QD probes can diagnose tumors on sectioned mouse tissues, fresh mouse colons stained ex vivo and also in vivo as well as fresh

human colon adenoma tissues in 30 min and can be imaged with a depth of 100 μm. The probes successfully detected not only cancers that are readily

discernible by bare eyes but also hyperplasia and adenoma regions. Sum and cross signal operations provided postprocessed images that can show

complementary information or regions of high priority. This multiplexed quantum dot, spray-and-wash, and endoscopy approach provides a significant

advantage for detecting small or flat tumors that may be missed by conventional endoscopic examinations and bestows a strategy for the improvement of

cancer diagnosis.
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such as chromoendoscopy, narrow-band imaging (NBI)
andmagnifying endoscopy for precancerous adenoma-
tous lesions.5�7 Chromoendoscopy is a technique that
involves the application of dye molecules to visualize
the surface structure of epithelial lesions, andNBI utilizes
narrow-band filter to enhance the vasculature visualiza-
tion within mucosal layer and/or superficial architec-
tures. Magnifying endoscopy is a zoom colonoscopy
approach that allows the visualizations of details such as
mucosal crypt patterns. Unfortunately, the advances in
colonoscopic techniques only show marginal improve-
ment in diagnostic determination of colon polyps,
adenomas, or flat adenomas.8 Histopathologic evalua-
tion of biopsy specimens provides accurate diagnoses;
however, it is not compatible with rapid detection such
as in operation field and it cannot screen the entire or
large portion of colon. To overcome these limitations,
there are fierce efforts to develop molecular imaging
diagnostic techniques for detecting colon cancer.
Gambhir and co-workers have successfully demon-
strated the ability to image six surface enhanced Raman
spectroscopy (SERS) signals on human colon tissues
using gold nanoparticle based SERS probes, which
showcased the potential toward a clinically translatable,
noncontact Raman endoscope that would be capable
of rapidly scanning large and topographically complex
tissue surfaces.9 They have also studied the biodistribu-
tion of intrarectally administrated probes in mice by
radiolabeling them with 64Cu and imaging them using
microPET, which showed localized accumulation in
colon followed by the rapid excretion with no appreci-
able uptake in any other organs.10 Fluorescence-based
molecular imaging is a promising molecular imaging
approach because the probes can identify targeted
receptors from the emission color, the single can be
quantified, and the signal could be enhanced versus

background signal by selection of probes with appro-
priate wavelengths. Miller et al. reported 50-fluorescein
isothiocyanate (FITC) labeled peptide probe (FITC-
QPIHPNNM) for colonic adenoma detection in a mouse
model, suggesting the potential for guided detection
and resection of cancer.11

Quantum dots (QDs) are semiconductor nanoparti-
cles that can be well suited as probes for biomedical
imaging because they are bright, photostable, and allow
multiplexing by single excitation wavelength.12�17 QDs
have broad absorption profile with large one-photon
and two-photon absorption cross sections, narrow and
symmetric emission profile, and large effective Stokes
shifts. These advantages of QDs in multiplexing can be
particularly important in fluorescence molecular imag-
ing of cancer tissues because of the need to image
multiple biological targets for improving the accuracy
of cancer detection. Single targets may not be useful
because of the inherent inhomogeneity of the cancer-
ous tissues. QDs have been exploited for immuno-
histofluorescence (IHF) detections of multiple cancer

markers on formalin-fixed paraffin embedded (FFPE)
specimens.18�24 Li and co-workers used human epider-
mal growth factor receptor 2 (HER2) antibody (Ab),
biotinylated secondary Ab, and QD�avidin conjugate
to detect the malignancy of human breast tissues.18 Liu
et al. performed double-color imaging using HER2 and
type IV collagen in breast cancer tissues.19 Byers and
co-workers showed human ovarian tumor multiplexed
detection on FFPE tissues using CD34, Cytokeratin 18,
and Caspase 3 sequential staining.20 Chen and co-
workers investigatedQDconjugate detection of surgical
squamous cell carcinoma in head and neck FFPE
specimens using E-cadherin and EGFR sequential stain-
ing and reported the sequence dependent signal
variance.21 O'Regan and co-workers reported the multi-
plexed detection of ER, PR, mTOR, EGFR and HER2 in
FFPE human breast cancer specimens with primary
Ab�QD conjugates, where the average values of
the biomarkers using QD probes were well correlated
with immunohistochemistry results.22 Nie and co-
workers reported four-color multiplexed QD conjugates
with four protein biomarkers (E-cadherin, high-
molecular-weight cytokeratin, p63, and R-methylacyl
CoA racemase) mapping on human prostate cancer
FFPE sectioned tissue.23 They performed sequential
stainings in which the pretreatment by two primary
antibodies from different species was followed by
the staining using two secondary Ab�QD conjugates
targeting the two primary antibody species. After wash-
ing, another two primary antibodies were treated
and stained by two secondary Ab�QD conjugates. This
sequential staining using different cancer marker pri-
mary antibodies from different species reduced
the cross-talk, and a single malignant tumor cell could
be mapped and identified from the complex tissue
microenvironment.
Herein, we report the use of Ab�QD conjugates for

multiplexed colonoscopic cancer detection. Primary
Ab�QD conjugates were chosen for “spray and wash”
type applications which eliminate lengthy procedures.
The spray and wash procedure adopts topical intro-
duction of primary Ab�QD conjugates by a spraying
catheter which is followed by a vigorous washing step
and the remaining targeted Ab�QD probes were
directly monitored. Sequential secondary Ab�QD con-
jugate staining by different species origin may provide
ample cellular level information but with the time
cost over hours. Typically, primary Ab�QD conjugates
are known to be less specific than the staining using
the secondary Ab�QD conjugates on tissues pre-
treated with primary Ab. Wang and co-workers have
also observed this as they image oropharyngeal squa-
mous cell carcinomas with FFPE tissues.24 Zwitterionic
QD surface coating has been exploited to overcome
the specificity issue of primary Ab staining, which
provides minimal nonspecific bindings.25,26 Fresh in-
tact tissues have been tested as well as FFPE sectioned
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tissues to confirm the applicability to colonoscopy.
Another advantage of using a spray and wash pro-
cedure is that this reduces the potential toxicity of
QDs. Cd-containing QDs were used for this study as a
proof-of-concept experiment; however, less toxic QDs
such as InP/ZnS (Core/Shell), ZnTe/ZnSe (Core/Shell),
CuInS2/ZnS (Core/Shell), and Ag2S QD would be
desirable for future clinical translation.27�29 Multicolor
Ab�QD probes were prepared using colon cancer
markers of carcinoembryonic antigen (CEA), matrix
metalloproteinase (MMP) 9 and MMP 14, which are
markers for cancer progression and metastasis.30�35

CEA is a cell membrane glycoproteins for cell adhesion.
CEA is one of most commonly used biomarkers in
colon cancer and the serum CEA level has been
accepted as a prognostic indicator in colorectal cancer
patients.36 MMPs are membrane-associated or ex-
creted and are involved in tumor invasion and metas-
tasis. The expression of MMPs on the tumor cells and
the microenvironment of the host stroma contributes
to tumor growth at advancing stages in colon
carcinoma.37 Expression levels of MMP9 in malignant
colorectal tumors have been reported to increase
significantly when compared with normal tissues,
however the overexpression level was reported to
not directly correlate with tumor stage.38 On the other
hand, MMP14 expression level was reported to show
correlated increase from normal to adenoma, and
carcinoma.39 In addition, these biomarkers are suitable
for our spray and wash application because they are
mostly located on the external surfaces of cells and
are accessible by target biomarkers. CEA is known
to heavily populate along the luminal surfaces of
malignant colon cells.40,41 Overexpressions of MMPs
are expected at the peripherals of tumors, which may
well reach the luminal surfaces. We have evaluated the
cancer detection capability by our multicolor QD�Ab
conjugate probes in sectioned mouse colon tissues
and also in ex vivo and in vivo stained fresh mouse
colon tissues treated by spraying staining method.
Postimage processes such as sum or cross operation
of different probes have been demonstrated to
maximize the utility of multiplexing and reduce false
negative or false positive errors. To investigate the
spatial distribution of the probes in colon tissue, two-
photon microscopic imaging was performed for the
ex vivo and in vivo Ab�QD probe stained tissues. The
simultaneous multicolor detection has been further
extended to human colon adenoma species, showcas-
ing the possibility of rapid and accurate colonoscopic
diagnosis using our QD�Ab conjugate probes.

RESULTS AND DISCUSSION

Preparation of Ab�QD Probes and the Control with Normal
IgG. Three different color emitting CdSe/CdS/ZnS (Core/
Shell/Shell) QDs were synthesized using procedures
previously published (see Experimental Section for

details).25 The absorption and fluorescence profiles
are shown in Figure 1, where the emission peaks can
be found at 560, 585, and 630 nm (noted as 560QD,
585QD, and 630QD, respectively). The QD surface was
co-decorated with a zwitterionic ligand and a ligand
bearing carboxylic acid as described in our previous
publication.25 The carboxylic acids were used for con-
jugation with MMP9, MMP14, or CEA antibody using
the conjugation protocol described in our previous
publication.25 The isotype normal immunoglobulin G
(IgG) antibody was used for the control (See Experi-
mental Section for details). After the antibody conjuga-
tion, ∼7 nm increase in the hydrodynamic size was
measured by dynamic light scattering (Figure S1). We
have also performed gel-electrophoresis for unconju-
gated 630QD and MMP9�630QD conjugate samples
to confirm the absence of unconjugated QD probes
after the conjugation reaction (Supporting Information
Figure S2). Cytotoxicity assays were performed by
measuring the mitochondrial activity, and no notice-
able cytotoxicity was observed for up to 600 nM
probe for 24 h (Supporting Information Figure S3).
We have confirmed the affinities of our MMP9�630QD,
MMP14�630QD, CEA�630QD conjugate probes against
normal IgG�630QD conjugates using known positive
and negative cell lines of MMP9, MMP14, and CEA
(Supporting Information Figure S4). The cell-specificity
experiments confirmed the specificity of our MMP9,
MMP14, and CEA QD probes.

Ab�QD Probe Staining for Sectioned AOM/DSS Mouse Colon
Tissues. Azoxymethane/dextran sodium sulfate (AOM/
DSS) mouse model was prepared using BALB/c mice
(see the Experimental Section for details). The colons of
AOM/DSS treated mice were removed, dissected long-
itudinally, fixedwith 10% formalin and then embedded
in paraffin. Tissues were sectioned into 4 μm slices.
For the staining with Ab�QD probe, deparaffinization,
rehydration and antigen retrieval of tissue were fol-
lowed (see Experimental Section for details). Four
Ab�QDs were prepared using 630 nm emitting
QDs conjugating to CEA, MMP9, MMP14, or normal
IgG control. Normal IgG antibodies are typical negative
control for immunohistochemistry because they have
corresponding control isotype and thus can evaluate
the nonspecific bindings of Ab�QD probes. Different
Ab conjugates with 630QD were used for the FFPE
tissue staining to measure the specific binding level
of each Ab�QD probe. Single color monochannel-
(targeting one marker) staining was performed to
validate the antibody targeting as being independent
from the QD probe color dependence. Each Ab�QD
conjugate PBS solution (1 μM) was sprayed onto the
pretreated tissues and incubated for 1 h. Figure 2
shows the overall schematic of our experiments which
can be categorized into (i) ex vivo staining of sectioned
colon tissues using single Ab�QD probe, (ii) ex vivo

staining of fresh colon tissues using single Ab�QD
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Figure 1. (a) Absorption and fluorescence profiles of the quantum dots 560QD, 585QD, and 630QD. (b) Scheme for
antibody�QD conjugation. TheQD surfacewas co-decoratedwith a zwitterionic ligand (þ/�) and a ligand bearing carboxylic
acid (COO�). The carboxylic acid was used for conjugation with antibody using carbodiimide couping.

Figure 2. An illustrated schematic showing four categories of the performed experiments using AOM/DSS colon cancer
mouse model: (i) ex vivo staining of sectioned colon tissues using single Ab�QD probe, (ii) ex vivo staining of fresh colon
tissues using single Ab�QD probes, (iii) ex vivo staining of fresh colon tissues using multi Ab�QD probes, and (iv) in vivo
staining by intrarectal spraying using multi Ab�QD probes. TPM = Two-Photon Microscopy.
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probes, (iii) ex vivo staining of fresh colon tissues using
multi Ab�QD probes, and (iv) in vivo staining by intra-
rectal spraying using multi Ab�QD probes. Figure 3
shows the representative fluorescence microscope
images of sectionedmouse colon tissues that have been
stained by each Ab�QD probe. The tissues were also
nuclear stained by 4,6-diamidino-2-phenylindole
(DAPI). Traditional hematoxylin and eosin (H&E) stain-
ing was also performed for adjacent sectioned tissues
for the classification of tumor and normal regions.
As shown by the H&E stain in Figure 3, mucosa and
adjacent muscles could be distinguished by their
morphology. At the first column in Figure 3, fluores-
cence images were taken with 515 nm long pass filter
to simultaneously show the green autofluorescence
and red QD signal, where the autofluorescence helped
visualize the tissue structures. For all the MMP9,
MMP14 or CEA Ab�QD stained tissues, red QD signals
can be found with higher intensities at tumor tissues
over the normal controls. The QD signals in tumor
tissues could bemostly found at mucosa layers. On the
contrary, IgG control QD stained tissues did not show

noticeable QD signals irrespective of either the normal
or tumor tissues. For accurate QD signal quantifica-
tions, the emission filter was switched to 625/30 nm
band-pass that selectively collects signals from the
630QD. In the second column of Figure 3, only tumor
tissues that have been stained by Ab�QD probes glow
brightly with emission from the QDs, whereas normal
tissues stained by Ab�QD probes and tumor/control
tissues stained by control IgG�QD probes did not.
Figure 4 shows the quantitative mean fluorescence
intensities between tumor and normal tissue at each
biomarker probe and the control probe staining. The
QD signal ratios over the normal tissues were 3.0 for
MMP9, 3.2 for MMP14, and 2.5 for CEA. The control IgG
QD signals showed similar levels for the tumor and
normal, which was also similar to the signal levels of
normal tissues stained by Ab�QD probes. Our Ab�QD
and IgG�QDprobes share zwitterionic surface coating,
which may have provided the similar and low non-
specific binding level. The results in Figures 3 and 4
validate the selection of our biomarkers. Various bio-
markers have been studied in murine model such as
AOM/DSS induced inflammation-related mouse mod-
el. Shang et al. reported that AOM/DSS treated mice
showed enhanced production of MMP9mRNA and the
expression level was 4-fold higher than the normal
animal.42 Suzuki et al. investigated that MMP14 genes
are markedly up-regulated over 3.2 times in AOM/DSS
mouse model.43 Our three Ab�QD probes showed
around 3-fold higher signals over the nonspecifically
bound controls or over the IgG�QD control staining,
which is surprisingly promising considering the rela-
tively short incubation time of 1 h and the direct one-
time staining with primary Abs. Mucosa layers, which
are accessible from endoscope, showed a high tumor
to normal contrasts with Ab�QD staining, which sug-
gests the potential of our Ab�QD probes for a colono-
scopic diagnostic agent by “spray and wash” method.

Figure 3. Representative fluorescence microscope images of
sectioned AOM/DSS mouse colon tissues that have been
stainedbyMMP9�630QD,MMP14�630QD, andCEA�630QD
probes. Tumor tissues (top row of each panel) and normal
tissues (bottom row of each panel) were stained by the
MMP9�630QD, MMP14�630QD, CEA�630QD, or by the
control IgG QD probe (panels from top to bottom). Fluores-
cence images were taken using 515 nm long pass emission
filter (first column) or using 625/30 nm band-pass filter
(second column). DAPI (third column) and H&E (last column)
staining were also obtained. M: mucosa. Scale bar = 200 μm.

Figure 4. Fluorescence signal mean intensities from the
mouse tumor colon tissues (filled bars) and from the normal
tissues (empty bars) when stained with MMP9, MMP14,
CEA, or normal IgG QD probes (from left to right). Error
bars represent the standard error of themean (***P < 0.001,
**P < 0.01).
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Spray and Wash Single-Ab�QD Probes ex Vivo Staining. To
investigate the applicability of our Ab�QD probes for
“spray and wash” colon staining, fresh intact colon
tissues were obtained from AOM/DSS mouse model
by surgically excising and longitudinally cutting to
expose the mucosa layer of colon immediately after
the sacrifice. The colon tissues were typically ∼9 cm
long. Three different color emitting QDs were used for
the Ab conjugation: MMP9 Ab conjugated to 630QD,
MMP14 Ab conjugated to 585QD, and CEA Ab con-
jugated to 560QD. Normal IgG QD conjugates were
also prepared as a control probe with each three QDs.
The fresh colon tissues were sprayed by 500 nM
Ab�QD conjugate probe PBS solution, incubated for
30 min, and washed with PBS buffer for 15 min (see
Experimental Section for details). Five mice were sacri-
ficed for each biomarker experimental set to display
two whole colons stained by the control IgG�QD
conjugate and three colons stained by the Ab�QD
probe. The five colons were imaged simultaneously by
IVIS imaging system and spectral unmixing was used
to select the QD signal and minimize the effect
from autofluorescence (see Experimental Section for
details). White light images were taken to visualize the
colons, and the black and white colon images were
overlaid with IVIS images of each probe (Figure 5).
MMP9 and MMP14 QD probes showed 1.40 and 1.77
times higher signal levels than the cases of IgG�QD
control (The average fluorescence intensities and stan-
dard deviations can be found in a table at Supporting
Information Figure S5). However, CEA QD probe did
not show meaningful signal difference over the con-
trol. The staining was also inhomogeneous among
different tumor sites. In the case of MMP9 probe,
tumors discernible at the white light image were
mostly stained by the QD probe. However, the largest
tumor polyp (indicated by arrow 1 in Figure 5a) was
missed. Presumably, the outer layers of large tumors
are less available for the QD probes to infiltrate and/or
due to the heterogeneity in biomarker expression level
of the tumor. The MMP9 probe may be somewhat
specific, however the targeting was not statistically
meaningful considering the p value (Supporting Infor-
mation Figure S5). MMP14 probe showed better results
clearly displaying most of the tumor sites with the
contrast of very little background signals for the case of
the IgG control. The CEA probe showed only marginal
tumor targeting capability; the tumors at the rightmost
colon were spotted but many tumors at other colons
were missed (arrows 2 and 3 in Figure 5c). Some
regions showed high probe signals, yet were not easily
discernible as cancer or adenoma. Four such represen-
tative regions were selected and H&E histological
analysis was performed (see Supporting Information
Figure S6 for the H&E images). Three regions stained by
the MMP14 probe were revealed as hyperplasia (two
arrows with the letter “h0” and “h00” in Figure 5b) or

as high grade adenoma (an arrow with the letter 'a').
This demonstrates the capability of our probe to detect
early cancers that can be otherwise only diagnosable
by time-consuming histopathological methods. One
region stained by the CEA probe was identified as
normal (an arrow with the letter 'n'). Considering the
high rate of false negative by the CEA probe, the false
positive was confirmed using histopathology and the
signals can be attributed to nonspecific adsorption of
the QD probes. The overall CEA probe signal level was
low and had become similar to that of the control
IgG�QD. The discrepancy between the FFPE tissues

Figure 5. White light images (left panels) and merged
pseudocolor IVIS images (right panels) of five juxtaposed
colons with the left two stained by IgG�QD control probes
and the right three stained by MMP9�630QD (a), MMP14�
585QD (b), or CEA�560QD probe (c). The IgG�QD treated
colons were separated from the Ab�QD treated colons by
the white dotted lines. The areas of region-of-interest (ROI)
were indicated by blue lines. Three representative large
tumor polyps missed by the probe are indicated by the
numbered arrows. Four representative signal regions
have been histopathologically analyzed and indicated by
arrows with the letters 'h', 'a', and 'n' corresponding to the
regions of hyperplasia, high grade adenoma, and normal,
respectively.
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and fresh tissues by identical Ab�QD probes may
attribute to the accessibility of the probe. The sec-
tioned FFPE tissues should be equally accessible for the
probe from the luminal surface down to the submu-
cosa, however for the fresh tissue staining, the Ab�QD
probes need to permeate from the mucosal surface.
For rapid and accurate colonoscopic diagnosis, multi-
plexed probe imaging should be essential because any
single probe may fail to diagnose the disease.

Spray and Wash Multi-Ab�QD Probes ex Vivo Staining.
Since sequential staining does not allow rapid detec-
tion, we have further extended our experiments for
multiplexed simultaneous staining using the mixture

of the three Ab�QD probes (Figure 6). The 500 nM
MMP9�630QD, MMP14�585QD, and CEA�560QD
solutions were mixed in equal volumes. The final
concentration of each probe was 167 nM. Using the
mixture probe solution, the fresh colon staining experi-
ment was repeated. As a control to the multi-Ab�QD
probe mixture, multi-IgG�QD control probe was pre-
pared by mixing the IgG conjugates of 560QD, 585QD,
and 630QD. IVIS spectral imaging was used tomeasure
each probe signal (see Experimental Section for details).
The multiplexed staining showed similar results as
the single probe staining. MMP9 and MMP14 Ab�QD
probes showed distinctive signals at tumor sites that

Figure 6. White light images (a) and merged pseudocolor IVIS images (b�d) of five juxtaposed colons with the left two
simultaneously stained by IgG�QD control probe of the mixture of IgG�630QD, IgG�585QD, and IgG�560QD and the right
three simultaneously stained by multi-Ab�QD probes of the mixture of MMP9�630QD, MMP14�585QD, and CEA�560QD.
Signals from 630QD (b), 585QD (c), and 560QD probe (d) were unmixed by the IVIS system for the merged pseudocolor
images. The IgG�QD treated colons were separated from the Ab�QD treated colons by the white dotted lines. The areas of
region-of-interest (ROI) were indicated by blue lines. QD signal pseudocolor images after the postimage processes by sum
operations using the channels of MMP9þMMP14 (e), MMP9þ CEA (f), MMP14þ CEA (g), andMMP9þMMP14þ CEA (h) and
by cross operations using the channels of MMP9�MMP14 (i), MMP9� CEA (j), MMP14� CEA (k), andMMP9�MMP14� CEA
(l). The numbered arrows represent regions identified as low grade adenoma by histopathological analysis. The black lines in
the rainbow scale represent the signal threshold.
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contrasted well with the small nonspecific bindings
by the IgG�QD control. The MMP9 and MMP14 QD
probes showed 1.87 times higher signal than the
IgG�QD control (The average fluorescence intensities
and standard deviations can be found in a table at
Supporting Information Figure S7). Two representative
regions were selected where the MMP9 and MMP14
probes showed high signal levels, yet they were not
easily discernible as adenoma or cancer under white
light image. Histopathological analysis identified the
regions as low grade adenoma (numbered arrows in
Figure 6; see Supporting Information Figure S8 for the
H&E images). CEA probe was not properly functioning,
where the nonspecific IgG control case showed slightly
higher signals at the tumor sites than the probe
(Supporting Information Figure S7).

Postimage Processes Using SumOperation and Cross Operation.
The inherent heterogeneity of tumors cells and micro-
environment at various cancer stages necessitates
doctors to cross-check the results from a single probe
label with other probes. This can lead to false or mis-
diagnosis. Herewe showwe can overcome this problem
by using QD multiplex labeling and analysis. As a
proof-of-concept, we have performed the simultaneous
multiplexed three Ab�QD probes staining. Information
by the three channels was postimage processed using
combinations of sum operation and cross operation.
Probe signal intensity was normalized for each color
probe characteristics such as QD absorbance, photo-
luminescence quantum efficiency, and detector sensi-
tivity. Each color signal intensity was normalized to be
only proportional to the number of the bound Ab�QD
probe (see Supporting Information Figure S9 for the
experiments performed to obtain the normalization
factors). For the sum operation (þ), each normalized
probe signals at each image pixel were added (see
Experimental Section for details). For the cross operation
(�), the signals were multiplied to each other instead of
the addition. Four combinations were made for each
operation: MMP9 þ MMP14, MMP9 þ CEA, MMP14 þ
CEA, andMMP9þMMP14þCEA for the sum operations
and MMP9 � MMP14, MMP9 � CEA, MMP14 � CEA,
and MMP9 � MMP14 � CEA for the cross operations
(Figure 6). These sum operated images complemented
missing tumors by each probe, potentially reducing
false negative errors. For an example, a tumor site
missed by the CEA probe (arrow in Figure 6d) has been
complemented after the sum operations. Cross oper-
ated images showed more focused spots where differ-
ent probes colocalize, providing the higher priority
regions for attention. These operations are simple and
can be easily combined with an endoscopy provid-
ing real-time guidance images on the monitor during
surgical resection.

Two-Photon Microscopic Imaging of the ex Vivo Stained Colon
Tissues. As we topically administer the probes onto the
fresh colon tissues by the “spray and wash” method,

the staining should be critically limited by the depth-
dependent distribution of the probes that may be
dependent on the tissue-specific permeation and dif-
fusion. To investigate the probe distribution of our
Ab�QD probes, two-photon microscope imaging
was performed for the ex vivo multi-Ab�QD probe
stained tissue. A representative tumor tissue was two-
photon imaged by 780 nm excitation. The 780 nm
excitation was used to visualize the tissue architectures
by the autofluorescence. Disordered morphologies
were identified for the tumor tissue, whereas the control
normal tissue exhibited neat colonic crypts. Considering
the crypt of normal tissue, our depth profile is thought
limited to the mucosa layer and not reaching the
submucosa. For each Ab�QD probe depth-profiling,
excitation wavelength was switched to 980 nm to
reduce the autofluorescence background and band-
pass filter was inserted according to each probe signal
detection. Two-photon microscope images were re-
cordedmoving down to the z-direction from the colonic
tissue surface reaching over 100 μm in depth (Figure 7;
more photos can be found in Supporting Information
Figure S10, and movie clips can be found in Supporting
Information). QD signals showed stark contrast between
the tumor tissue and the control normal. This contrast is
thought to originate from the difference in permeability
across the colon epithelial barriers between tumor and
normal. Inflammations and tumorigenesis are known to
compromise the colon top layers as the tight junctions
in the epithelial barriers dysfunction. Colon cancers are
reported to suppress protein expression levels essential
for the tight junctions.44,45 The increase in permeability
across colon epithelium barriers are also typically
found in villus adenoma and adenomatous polyps
with increased numbers of aberrant colonic crypts.46

In tumor, three different Ab�QD probes were well
colocalized each other, which indicates three biomarker
expressions share thedistributionpattern. All theprobes
showed strong signals at the depth of over 20 μm from
surface. Presumably, the epidermal surface does not
express as many biomarkers as for the tissues in deeper
mucosa. The QD signal continued to 100 μm and began
to dim for further depth, which was mostly limited by
the two photon microscope instrumental imaging
depth. Similar imaging depth can be found for the
780 nm excitation autofluorescence images. Smaller
number of probes may have reached to deeper tissues
and may have contributed to the signal attenuation in
depth-profile. As the control, the two-photon micro-
scopic imaging experiment was repeated using multi-
IgG�QD probes (Supporting Information Figure S11,
movie clips can be found in Supporting Information).
No noticeable signals were found regardless of the
detection channel and the tissue depth. Considering
our one-time incubation ofmulti-Ab�QDprobe for only
30 min, the staining depth over 100 μm from surface is
promising for its future endoscopic applications.
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Comparison Studies between QD and Rhodamine B Probes.
'Spray and wash' staining by the Ab�QD probes has
successfully visualized tumors at fresh colons from
AOM/DSSmousemodel. Since Ab�organic dye probes
are a conventional golden standard for fluorescence-
based targeted imaging, we performed a head-to-head
comparison between MMP14�585QD probe with
MMP14�Rhodamine B conjugate probe (MMP14�Rh).
MMP14 Ab was chosen because it performed best
among the three Abs for ex vivo staining. Rhodamine
B dye was selected because it has a relatively high
quantum yield and its emission profile (peak at
575nm) overlapswellwith the 585QD (see Experimental
Section for the preparation protocol of MMP14-Rh.
Absorption and emission spectra of MMP14-Rh can be
found at Supporting Information Figure S12). We have
repeated the fresh mouse colon staining with Ab�Rh
and Ab�585QD probes. Each probe was sprayed onto
the freshmouse colon tissues and incubated for 30min,
whichwas followedbywashing. Under the IVIS imaging,
both QD and Rh probes can visualize the tumors that
were discernible with white light imaging (Supporting
Information Figure S13). Two-photon microscopic
imaging experiments were also performed for each
probe staining against the tumor and normal tissues
to investigate the probe distributions (Supporting In-
formation Figure S14, movie clips can be found in
Supporting Information). A 780 nm excitation was used
for “merged” images, showing the tissue architectures
by the autofluorescence and probe signals from QDs or
from Rh dyes. Tumor tissues showed disordered mor-
phologies, whereas the control normal tissue exhibited
neat colonic crypts. For QD or Rh probe depth-profiling,
excitation wavelength was switched to 980 nm and

band-pass filter was inserted. Two-photon microscope
images were recorded moving down to the z-direction
from the colonic tissue surface. In tumor, Ab�QD and
Ab�Rh probes shared similar distribution patterns.
Both probes showed signals up the depth approaching
100μmfromsurface. Thedepth-dependent signal levels
for both probes showed similar fluorescence profiles
with the peaks at around 50 um (see Supporting
Information Figure S15 for the depth-profiling graphs).
Under the identical staining condition, the QD probe
may have been slower in diffusing to the targets from
the surfaces than the dye probe. However, this seems
to have been overcome by the brightness of the QD
probe and have resulted in the similar depth-profiles.
This demonstrates the potential advantages of rapid
and multiplexed QD probe imaging over conventional
dye probes. In the case of normal tissues, the 780 nm
excitations produced a blue signal visualizing the mor-
phologies from the tissue autofluorescence, but the
980 nm excitation probe channel showed negligible
signal levels regardless of the depths.

Mouse Colon Tissue Imaging by “Spray and Wash” Ab�QD
Probe in Vivo Staining and Two-Photon Microscopic Imaging.
The Ab�QD probe “spray and wash” staining has
been demonstrated using fresh colons from AOM/
DSS mouse model. However, the colons have been
stained ex vivo and the probe distribution may vary
when applied to live animals. For example, the native
absorbing function of colon and its movement may
increase the background signals at normal tissues by
nonspecific binding or uptake. We have repeated the
multi-Ab�QD probe AOM/DSS mouse model colon
staining experiment as replacing the ex vivo staining
protocol with that of in vivo. Themicewere intrarectally

Figure 7. Two-photonmicroscopic fluorescence images ofmouse tumor (a) and normal (b) tissues ex vivo stainedby spraying
multi-Ab�QD probes. Two-photon microscope images were recorded moving down to the z-direction. First row shows the
autofluorescence imaging by 780 nm excitation. Second to fourth rows represent images by 980 nm excitation, and the
emission range was set for 544�560 nm for CEA�560QD probe (second row), 576�596 nm for MMP14�585QD probe (third
row), and 620�644 nm for the MMP9�630QD probe (fourth row). Objective = 20�. Scale bar = 50 μm.
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sprayed with themulti-Ab�QDmixture probes using a
syringe with a pliable plastic gavage needle, incubated
for 30 min, and then sacrificed to excise the colon for
imaging (see Experimental Section for details). For the
in vivo stained colon, white light image and overlaid
IVIS images were shown in Figure 8. The MMP9� and
MMP14�QDprobes clearly indicated tumor sites while
other normal regions were very low in the signal. The
CEA�QD probe showed unrelated signal pattern and
no signal in the two large tumors (arrows in Figure 8d).
These results reflect those of ex vivo staining experi-
ments, where the CEA probe failed for our “spray and
wash” application in AOM/DSS mouse model. Two-
photon microscopic imaging experiment was also
repeated for the in vivo stained tissues. The 780 nm
autofluorescence imaging differentiated the disordered

tumor tissue and normal tissue, and each Ab�QDprobe
distribution was investigated using 980 nm excitation
(Figure 9; more photos can be found in Supporting
Information Figure S16, andmovie clips can be found in
Supporting Information). The colocalization of three
probes, signal intensities, and depth profiles were al-
most identical to those of ex vivo tumor tissue, showing
the signal depth up to 120 μm. Background signal level
at the normal tissue was also similar to those of ex vivo
tissues. The experiment was repeated using the control
multi-IgG�QD probes, where no noticeable signals
were found regardless of the detection channel and
the tissue depth (Supporting Information Figure S17,
movie clips can be found in Supporting Information).
Apparently, live staining condition did not alter the
probe distribution or the nonspecific uptake when the

Figure 8. White light images (a) andmerged pseudocolor IVIS images (b�d) of a colon in vivo stained bymulti-Ab�QDprobe
of themixture of MMP9�630QD,MMP14�585QD, and CEA�560QD. Signals from630QD (a), 585QD (b), and 560QDprobe (c)
were unmixed by the IVIS system for the merged pseudocolor images.

Figure 9. Two-photonmicroscopic fluorescence images ofmouse tumor (a) and normal (b) tissues in vivo stained by spraying
multi-Ab�QD probes. Two-photon microscope images were recorded moving down to the z-direction. First row shows
the autofluorescence imaging by 780 nm excitation. Second to fourth rows represent images by 980 nm excitation, and
the emission range was set for 544�560 nm for CEA-560QD probe (second row), 576�596 nm for MMP14�585QD probe
(third row), and 620�644 nm for the MMP9�630QD probe (fourth row). Objective = 20�. Scale bar = 50 μm.
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colon is active and functioning such aswater absorption
process of the large intestines. This may attribute to the
short staining time of 30 min and slowed colon func-
tionswhen the animal is under anesthesia. Conventional
human colonoscopy is also frequently accompanied by
drugs inhibiting gastrointestinal movements, which can
potentially minimize nonspecific uptakes.

Human Colon Tissue Imaging by “Spray and Wash” Ab�QD
Probes. We have further applied our multi-Ab�QD
mixture probe to human colon adenoma specimen
from the clinic. A colon adenoma excised from patients
was cut in half to compare the multi-Ab�QD probe
staining with the multi-IgG�QD control probe. A
330 nM multi-Ab�QD mixture probe solution was
sprayed onto the tissues, and the samples were in-
cubated for 60 min, followed by washing for 3 min.
Figure 10 shows thewhite light image and overlaid IVIS
images showing each probe and control probe signals.
MMP14 and CEA probes showed meaningfully high
signals when compared to normal IgG control probe,
whereas the MMP9 probe did not significantly differ in
the signal intensity from the IgG control. The experi-
ment was repeated with three different polyps from
patients, and each probe intensity over the same QD
IgG control was averaged (Figure 10). The Ab�QD
probe signal ratios over the IgG control were 0.81 for
MMP9, 2.4 for MMP14, and 3.0 for CEA. Only MMP14
and CEA probes successfully identified the tumor. The
human tissue results were surprisingly different from
those of the AOM/DSS mouse model stained ex vivo

or in vivo. For the mouse model, the MMP9 and
MMP14 probes showed a 2-fold signal ratio over the
IgG controls, while the CEA probe failed to identify
the tumor sites. In human colon cancer studies, the CEA
expression level has been reported to be a maximum
of 10.8-fold higher for patients with colorectal cancer
than the control.28 MMP9 and MMP14 are known to
participate in tumor growth and metastasis at advanc-
ing stages in human colon carcinoma,47 and a patient
derived xenograft mouse model showed strongly ex-
pressed MMP9 in colon carcinomas. We do not have
a convincing explanation on why the MMP14 and CEA
probes worked for the human specimen and not for

the MMP9 probe. It could be due to the cancer
inhomogeneity where the polyps, which were patho-
logically identified as adenoma, were at the stage of
different expression levels of MMP9 and MMP14.

CONCLUSIONS

We report the combination of QD probes with a
simultaneous “spray and wash” technique for the
diagnosis of colon cancer using endoscopy. After the
QD probe treatments, the nonspecific bound QDs can
be reduced by the washing step as the antifouling
zwitterionic surface coating minimized the interaction
with the tissue. Targeted QD probes are likely to be
eliminated from the body along with the excised
tissues for biopsy and the toxicity issue can be greatly
mitigated. Our Ab�QD probes showed the potential
for rapid and accurate diagnoses on sectioned mouse
tissues, fresh mouse colons stained ex vivo and also
in vivo. Two photon microscopic imaging was used to
characterize the probe distribution at different depths.
For a one-time 30 min staining, the multi-Ab�QD
probes successfully identified tumors with high signal
ratios over the IgG control probe. The staining depth
could reach over 100 μm. The probe distribution from
the surface provided a high enough optical signal to
identify the tumors. However, considering our mouse
tumor sizes up to 5 mm, ∼100 μm probe penetration
may seem superficial and our Ab�QD probes can bind
biomarkers mostly in the upper mucosa layers. This
makes our probes relatively more sensitive to small
tumors such as microtumors than larger ones that are
readily discernible by bare eyes via endoscopy. The
MMP9, MMP14, and CEA probes showed different
signal levels between the FFPE sectioned tissues
and fresh colons. This may have originated from the
probe distribution as sprayed probes on colons
have to permeate from the surface while it is not
the case for the sectioned tissues. All three probes
were highly populated for sectioned tumor tissues,
whereas only MMP9 and MMP14 probes successfully
identified tumors in fresh colons. Multiplexed and
simultaneously stained images were further exploited
by postprocesses such as sum and cross operations.

Figure 10. (Top) White light images (a) and merged pseudocolor IVIS images (b�d) of a human colon adenoma specimen
stained with multi-Ab�QD probe of the mixture of MMP9�630QD, MMP14�585QD, and CEA�560QD (left) or control
IgG�QD probe of the mixture of IgG�630QD, IgG�585QD, and IgG�560QD (right). (Bottom) Average fluorescence signal
intensities from the human colon adenoma specimen. Signals from630QD (b), 585QD (c), and 560QDprobe (d) were unmixed
by the IVIS system for the merged pseudocolor images.
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The postprocessed images can add new dimensions
in diagnoses when they are data-based from
many patients, and are expected to aid surgeons
for accurate, real-time, and on-spot detection of cancer
for biopsy and/or resection with minimized risk of
false negative and false positive errors. Multi-Ab�QD
probes were further applied to fresh human colon
adenoma tissues, where MMP14 and CEA probes
showed successful diagnoses of cancer at their early
stages. The MMP9 probe did not work as expected
for the human specimen, which also stresses
the importance of multiplexed diagnosis for cancer.
In principle, QDs are well suited for multiplexing

and can easily provide over 20 different emission colors
spanning the visible and near-infrared. The high
degree of multiplexing of QDs is important as cancer
cells express many different biomarkers and no
single markers can show 100% accuracy for diagnosis
due to the heterogeneity of cancer. There are
some remaining challenges of the “spray and wash”
type staining such as penetration depth, tissue-
specificity, and the washing-step dependence. None-
theless, the topical administration is considered to
be advantageous for rapid small tumor detection in
field that can easily fail by conventional endoscopic
examinations.

EXPERIMENTAL SECTION
Materials and Instruments. N-(3-(Dimethylamino)propyl)-N0-

ethylcarbodiimide hydrochloride (EDC, commercial grade) and
N-hydroxysulfosuccinimide sodium salt (S-NHS, 98.5%) were
purchased from Sigma-Aldrich. Anti-MMP9(sc-6840 from Santa
Cruz Biotechnology) and MMP14 (Ab-53712 from Abcam) anti-
bodies were used for mouse and human tissues. In the case of
anti-CEA, sc-8225 from Santa Cruz Biotechnology was used for
mouse tissues and ab-33562 from Abcam was used for human
specimen. Normal rabbit IgG (sc-2027) and normal goat IgG
(sc-2028) were purchased from Santa Cruz Biotechnology. Water
was triply distilled using Millipore filtration system. Absorption
spectra were obtained using an Agilent 8453. Photolumines-
cence (PL) spectra were obtained using HORIBA FluoroLog.
Particle hydrodynamic (HD) sizes were measured by Malvern
Zetasizer S.

Synthesis of Quantum Dots, Antibody�Quantum Dots Conjugates, and
MMP14 Antibody-Rhodamine B Conjugates. CdSe/CdS/ZnS (Core/Shell/
Shell) QDs with the emission peak at 560, 585, and 630 nm
were synthesized using the procedures previously published.25

QD's surfacewas codecorated by zwitterions and carboxylates by
surface ligand exchange procedures previously reported else-
where.25 1-Ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC,
100 equiv to QDs) and N-hydroxysulfosuccinimide (S-NHS,
200 equiv to QDs) were added to mixed-ligand exchanged
QDs with zwitterionic ligand and carboxylate ligand (the ratio
of zwitterionic ligand to carboxylate ligand was 1:1) in 50 mM
2-(N-morpholino)ethanesulfonic acid (MES) buffer. After 10 min
vortexing, the excess EDC and S-NHS were dialyzed using MES
buffer and deionized water. Finally, antibodies in 0.1 M pH 7.4
phosphate buffer solution (PBS) were added to the EDC/S-NHS
activated QD solution. The final volume of the QD solution
was less than 100 μL. The reaction incubated for 2 h at room
temperature (RT) on a shaker. After conjugation, Ab�QD con-
jugates were purified with PBS buffer by 50 kDa centrifugal
filter. MMP14�Rhodamine B conjugates were synthesized with
NHS-Rhodamine B (46406 from Thermo Scientific) and anti-
MMP14(Ab-53712 from Abcam) antibody. NHS�Rhodamine B
was dissolved in dimethyl sulfoxide (DMSO) and stirred
thoroughly. The NHS�Rhodamine B solution was added to the
anti-MMP14 antibody PBS buffer solution, making the solution
about 1% DMSO in PBS. The reaction mixture was stirred well
at room temperature for 1 h. The reaction ratio of the dye to
antibodywas 10-foldmolar excess. After the reaction, nonreacted
NHS�Rhodamine B was removed by gel filtration.

AOM/DSS Model and Histology. Four week male BALB/c (Charles
River Laboratories Japan, Inc.,Yokohama, Japan) mice were
acclimatized for 7 days to tap water and an ad libitum basal
diet. The mice were given a single intraperitoneal injection of
Azoxymethane (AOM; 10 mg/kg body weight; Sigma�Aldrich).
One week later, animals were administered 2% (w/v) dextran
sulfate sodium (DSS; molecular weight 36 000�50 000) for
7 days via the drinking water, followed by maintenance on a

basal diet and tap water for 14 days. This administration of DSS
in the drinking water was repeated. Colonoscopy (Karl Storz,
Tuttlingen, Germany) was performed in AOM/DSS model to
checkwhether colon tumorswere formed adequately. Themice
were sacrificed at 4 weeks after the end of DSS administration.
All animal experiments were performed with protocols ap-
proved by the Institutional Animal Care and Use Committee
(IACUC) of the Asan Institute for Life Sciences at the Asan
Medical Center, consistent with the Institute of Laboratory
Animal Resources (ILAR) guide. The colons of AOM/DSS treated
mice were removed, flushed with PBS, and dissected long-
itudinally. For histological analysis, the tissues were fixed
in 10% formalin and embedded in paraffin. Four-micrometer-
thick sections were stained with H&E using routine procedure.
Histological analysis was performed by one gastrointestinal
pathologist.

Ab�QD Probe Staining for Sectioned AOM/DSS Mouse Colon Tissues.
Formalin-fixed paraffin-embedded tissue sections were pre-
heated at 60 �C for 30 min and were then deparaffinized by
immersion in xylene two times for 30 min, respectively. Tissue
hydration was carried out by a series of immersion steps at
decreasing ethanol concentrations (99, 95 and 80% ethanol
for 5, 10, and 5 min, respectively), followed by rinsing in water
for 5 min. Antigen retrieval was performed at 100 �C for 1 h in
10 mM citrate buffer. After the tissues had cooled, the tissue
slides were washed by DI water. Four Ab�QDs were prepared
using 630 nm emitting QDs conjugating to CEA, MMP9, MMP14,
or normal immunoglobulin G (IgG) control. The concentration
of probe solution was 1 μM, respectively, and then incubation
for 1 h at room temperature. After the tissue slides were
wash, they were mounted with 4,6-diamidino-2-phenylindole
(DAPI, Vector Laboratories, Burlingame, CA) to stain nuclei.
Dehydration and mounting on coverslips were performed for
fluorescence imaging. Fluorescence microscope images were
recorded using a Zeiss Axioplan. For QD excitation, 455/30 nm
band-pass filter was used when the images were recorded with
a 515 nm long pass filter and 405/40 nm band-pass filter was
used when the images were obtained with a 625/30 nm band-
pass filter to visualize the fluorescence signal from the QDs.
The integration time was equal in same slide of tumor and
normal tissue.

Mouse Colon Tissue Imaging by “Spray and Wash” Ab�QD Probe ex Vivo
Staining. Fresh intact colon tissues were obtained from AOM/
DSS mouse model by surgically excising and longitudinally
cutting to expose the mucosa layer of colon immediately after
the sacrifice. Five mice were sacrificed for each biomarker
experimental set to display two whole colons stained by the
control IgG�QD conjugate and three colons stained by the
Ab�QD probe, respectively. Three different color emitting
QDs were used for the Ab conjugation: MMP9 Ab conjugated
to 630QD, MMP14 Ab conjugated to 585QD, and CEA Ab con-
jugated to 560QD. Normal IgG QD conjugates were also pre-
pared for the controlwith each threeQDs. The fresh colon tissues
were sprayed by 500 nM Ab�QD conjugate probe PBS solution.
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The PBS probe solution was sprayed using micropipettes by
rapidly ejecting small portions of the probe solution to evenly
coat the colon mucosa layer surfaces that had been longitudin-
ally cut open. The specimen was incubated for 30 min, and
washed with PBS buffer for 15 min. The colon tissues were laid
down with the mucosa layer facing up and brought into the IVIS
system. The rainbow fluorescence signal, expressed at the colon
tissue, was obtained using the Xenogen IVIS spectrum system
(Caliper Life Science, Inc., Hopkinton, MA). Images were acquired
with excitation at 430 nm and emission at 500�800 nm using
auto acquisition, a binning factor of 8 and field of viewof 13.4 cm.
Fluorescence imaging were processed with spectral unmixing
using the Living Image 4.3.1 software (Caliper Life Sciences,
Hopkinton, MA) to distinguish the autofluorescence and fluo-
rescence of QD probes. The region of interest (ROI) of each
tissues has been selected bymanually following the boundary of
each tissues. For normalized data, we quantified the fluores-
cence to the radiant efficiency. Formulti-Ab�QDprobe staining,
the 500 nM MMP9�630QD, MMP14�585QD, and CEA�560QD
solutions were mixed in equal volumes. The final concentration
of each probe was 167 nM. As a control to the multi-Ab�QD
probe mixture, multi-IgG�QD control probe was prepared by
the mixture of IgG conjugates to 560QD, 585QD, and 630QD.
Using the mixture probe solution, the fresh colon staining
experiment was repeated. IVIS spectral imaging was used to
measure each probe signal (Supporting Information Figure S18).
To unmix each probe signal form multi-QD probes stained
tissues, fluorescence spectra for each single QD probe and
unstained mouse colon tissues were obtained using IVIS system
(Supporting Information Figure S19). Spectral unmixing was
performed to eliminate the tissue autofluorescence and cross-
talks from different color QD probes. The spectral unmixing
was based on multivariate curve resolution (MCR) method,48

and provided by the Living Image 4.3.1 software for IVIS. Raw
fluorescencedatawasdiscretized to amatrix formCSþR, where
C represents the composition of the mixed fluorophores at
the corresponding pixel, S represents pure spectrum of each
fluorophores, and R means error term. Using the spectra of
probes and unstained tissues, as the initial value, iteration was
performed to solve the least-squares problem and find proper C
and S matrices. In addition, several constrains were applied to
generate meaningful solution, such as non-negativity of the
matrices since the contribution or concentration of fluorophores
cannot be negative.

Two-Photon Microscopic Imaging of the ex Vivo Stained Colon Tissues.
Multi-Ab�QD probes stained tissue was spread on glass slide
and covered with cover glass. Two-photon microscope (TCS
SP5 II, Leica) with a Ti-Sapphire laser (Chameleon Vision II,
Coherent) at 140 fs pulse width and 80 MHz pulse repetition
rate was used. 3D imaging was performed by using a
20� objective lenses (HCX IRAPO L20x, NA 1.0 W, Leica) with
the stepwise increment of 2 μm in the depth direction. The
excitation laser was tuned to 780 and 980 nm for tissue
autofluorescence and QDs fluorescence signals, respectively.
The emission light of each Ab�QD probe was spectrally re-
solved into 4 channels by using a set of dichroic mirrors at
495 nm, 560 and 620 nm and band-pass filter 562/40 for
560QDs, 586/20 for 585QDs, 624/40 for 630QDs. QD signals
were obtained through the band passes of 544�560 nm for
560QD, 576�596 nm for 585QD and 620�644 nm for 630QD.
3D images were acquired by taking multiple x�y plane images
with stepwise increment of 2 μm in the z-direction from the
colonic tissue surface to a depth of 200 μm. Power of the
excitation laser was approximately 10mWon the tissue surface,
and increased with depth in order to maintain the signal-to-
noise ratio. The imaging field-of-view was 250 μm � 250 μm
consisting of 512 � 512 pixels, and the imaging speed was
0.78 frames/s. Acquired imageswere processed by using LAS AF
Lite (Leica).

Postimage Processes Using Sum Operation and Cross Operation. Image
data process was conducted using the MATLAB (The MatWorks,
Inc.) program. The raw radiant efficiency image of multi-Ab�QD
probes stained tissues were imported to MATLAB as matrix.
The each element of matrix was composed of image pixels.
Each probe has different QD absorbance, quantum efficiency

and detector sensitivity, so these differences were normalized to
compare the number of stained probe. Each single probe
(100 nM) was placed on 96-well plate and radiant efficiency
was measured by IVIS spectrum, and the raw radiant efficiency
data of tissues on each probe channel were divided by the
radiant efficiency of each probe. For the sum operation, normal-
ized radiant intensities for different images were added for
the same position pixel by pixel. For the cross operation, the
elements at the same position were multiplied. The calculated
elements were converted to pixels of image which was ex-
pressed by rainbow color map. The threshold was obtained by
the global thresholding algorithmusing aMATLAB program that
we had previously reported.49

Mouse Colon Tissue Imaging by “Spray and Wash” Ab�QD Probe in Vivo
Staining and Two-Photon Microscopic Imaging. To incubate multi-
Ab�QD probes in vivo, themouse was anesthetized by inhaling
isofluraneduring theexperiment.Multi-Ab�QDprobes (100nM)
were filled in a syringewith a pliable plastic gavageneedle. Then,
the needle was pulled out slowly during spraying the multi-
Ab�QD probes. The isoflurane insufflation was removed right
after the spraying. After 30min, themousewas sacrificed and the
colon was excised and washed with PBS buffer for 15 min.

Human Colon Tissue Imaging by “Spray and Wash” Ab�QD Probes. A
colon adenoma excised from transverse colon of a patient was
cut in half to compare themulti-Ab�QDprobe stainingwith the
case of multi-IgG�QD control probe. A 330 nM multi-Ab�QD
mixture probe solution was sprayed onto the tissues, and the
sample was incubated for 60 min, followed by washing for
3 min. Fluorescence image obtained using the Xenogen IVIS
spectrum system (Caliper Life Science, Inc., Hopkinton, MA).
Imageswere acquiredwith excitation at 430 nmand emission at
500�800 nm using auto acquisition, a binning factor of 8 and
field of view of 6.6 cm. Fluorescence imaging were processed
spectral unmixing using the Living Image 4.3.1 software (Caliper
Life Sciences, Hopkinton, MA) and quantifying the image as the
radiant efficiency. We repeated the experiments three times
and all colon tissues were confirmed to have tubular adenomas
which were from sigmoid and ascending colon.
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